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Abstract − In the Intelligent Transportation System (ITS), 
millimeter waves are used and antennas are requested to 
have beam scanning ability. In the millimeter wave 
operation, a dielectric lens antenna is one of the 
prominent candidates. Authors designed a shaped 
dielectric lens antenna based on the Abbe’s sine condition. 
Wide angle beam scanning characteristics were ensured 
through the ray tracing calculations and radiation pattern 
measurement. Recently, owing to the enhancement of 
electromagnetic simulator abilities, simulations of a 
dielectric lens antenna become possible. By employing an 
electromagnetic simulation, it is expected that detailed 
electrical performances of both the feed horn and the 
dielectric lens will be made clear. In this paper, 
electromagnetic simulations of a shaped dielectric lens 
antenna by FEKO suit 5.3 are conducted. First, the 
corrugate horn used for the feed horn is 
electromagnetically simulated. Excellent simulated 
radiation patterns coinciding with the measured results 
are achieved. Next, the feed horn radiation patterns are 
combined with the dielectric lens simulations. And 
simulation results of beam scanning characteristics are 
obtained. When comparing the simulated scanned beam 
shapes with the measured results, very good agreements 
are obtained. So, accuracies of simulations are ensured. 
Moreover, unexpected sidelobe increases in the specific 
wide angle region that were pointed out previously are 
studied. Simulated and measured results can confirm the 
sidelobe increases. As an additional study, electrical field 
distributions in the dielectric lens are simulated. Then, 
multiple reflections between lens surfaces are visually 
made clear. The reason of sidelobe increases can be 
clearly understood. As a result, it is confirmed that the 
FEKO simulator can rigorously simulate electromagnetic 
characteristics of a shaped dielectric lens antenna. 
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 I. INTRODUCTION 
 

In the Intelligent Transportation System (ITS), 
millimeter waves are used and antennas are requested to 
have beam scanning ability in the collision avoidance 

system. Here a dielectric lens antenna is one of the 
prominent candidates which achieves wide angle beam 
scanning [1]. Authors designed and fabricated the shaped 
dielectric lens antenna [2]. The wide angle radiation 
patterns were examined through ray tracing calculations 
[3] and measurements [4]. Good agreements of calculated 
and measured results were ensured. However, in the case 
of the ray tracing method, the electric performance of the 
feed horn was approximated by a simple mathematical 
function. For more exact analysis, FDTD method is used 
for calculation of lens antennas. However it requires huge 
computer memory and calculation time [5]. In order to 
reduce calculation memory, axi-symmetrical FDTD is 
developed [6]. Even though the method can reduce 
calculation memory, it can not calculate off-focus feed. 
And Method of Moment (MoM) can be also used for 
calculation of homogeneous dielectric body [7]. In this 
method, instead of a volume distribution, calculation can 
be formulated in terms of a surface distribution and 
calculation memory can be reduced. And an 
electromagnetic simulation ability handling a dielectric 
lens antenna is enhanced in the FEKO suit 5.3 based on 
MoM. By employing this electromagnetic simulator, both 
the feed horn and the dielectric lens antenna can be 
analyzed exactly.  

In this paper, FEKO calculation results of detailed 
electrical characteristics on the corrugate horn used as the 
feed horn and the shaped dielectric lens antenna are 
obtained. And radiation patterns are compared with the 
measured results in order to ensure the calculation 
accuracies. In section 2, the outline of the shaped 
dielectric lens antenna is explained. And summaries of 
simulation parameters and computer loads are explained. 
In section 3, simulation conditions of the corrugate horn 
so as to coincide with the measured results are shown. In 
section 4, simulated and measured results of beam 
scanning characteristics on the shaped lens antenna are 
shown. In section 5, as for wide angle radiation patterns, 
simulated and measured results are shown. Remarkable 
sidelobe increases in the specific wide angle region are 
indicated. In order to clarify the reason, electrical fields in 
the lens are investigated and trials of matching layers 
attachment on the lens surfaces are conducted. 
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II. SHAPED DIELECTRIC LENS ANTENNA FOR 
WIDE ANGLE BEAM SCANNING 

 
A. Configuration of The Lens Antenna 

 
Figure 1 shows the configuration of the shaped 

dielectric lens antenna in the simulation and the 
measurement. The lens has axi-symmetrical structure 
around the Z-axis. A corrugate horn is employed as the 
feed horn. And the lens and the feed are surrounded by an 
electromagnetic absorber in order to suppress spill over. 
The lens material is Teflon and surfaces are designed by 
introducing Abbe’s sine condition [8]. The focal length Lf 
of 105mm and the lens diameter D of 100mm are 
employed. The frequency of 60GHz (λ=5mm) are 
employed. The lens diameter is corresponding to 20λ. The 
beam scan is achieved by off focus feed shown as a 
broken line and the off-focus position of 25° scanning 
beam (θs=25°) is indicated. At the time, the length 
between the horn and the lens center Lf’ becomes 81.9mm. 
The polarizations of the feed horn are also shown. The 
electrical field component of the horn is parallel to the Y-
axis. For the off-focus position, the coordinate system is 
rotated around the Y-axis. The new axis are denoted by 
the X’ and Z’ as shown in the figure. And the plane on 
which the horn moves (ZX-plane) is called as a scanning 
plane and the plane which transverse the scanning plane 
(YZ or YZ’-plane) is called as the transverse plane. 

 

 
Fig. 1. Lens antenna configuration. 

 
The specification of a personal computer and 

simulation parameters are shown in Table 1. In calculation, 
the FEKO simulator that can use the Multilevel Fast 
Multipole Method (MLFMM) is employed in order to 
save the computer memory and speed up to calculation 
time. Surface Equivalence Principle (SEP) and Volume 
Equivalence Principle (VEP) are employed for the 

calculation of the dielectric lens and electromagnetic 
absorber, respectively. So, all antenna parts can be 
simulated by the Method of Moment. The mesh size of 
λ/8 is employed for the corrugate horn. For the dielectric 
lens and electromagnetic absorber, mesh size of λ/3 is 
employed because these dielectric objects are very large 
compare to one wave length. The mesh size might look 
too coarse, there is a little difference in radiation pattern 
shapes and null depths in mesh size of λ/3 to λ/7. So, the 
dielectric objects of mesh size of λ/3 can be simulated 
accurately. As for the dielectric constant of the 
electromagnetic absorber, the catalog data of εr=2 and 
tanδ=1 is used. The dielectric lens and the electromagnetic 
absorber require large memory of 2.6GByte and 3.1GByte 
respectively. The calculation time is 44.4 hours and it 
corresponds to about 2 days. 

 
Table 1. Simulation parameters. 

 
 

B. Estimation of Beam Scanning by a Ray Tracing 
Method 
 

Outlines of the beam scanning abilities can be 
anticipated through the ray tracing results. Rays from the 
feed horn to the lens outside are calculated by the ray 
tracing software developed by authors. Rays emitted from 
the positions of θs=0° and 25° are shown in Figs. 2(a) and 
(b), respectively. In Fig. 2(a), rays in the X-axis and the 
Y-axis directions become parallel after refraction by the 
shaped dielectric lens. From results of the rays, an axi-
symmetrical pencil beam is expected. In Fig. 2(b), while 
rays in the X-axis direction become parallel after 
refraction by the lens, rays in the Y-axis direction do not 
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become parallel. Moreover, rays do not exist in a flat 
plane and compose a curved plane. So, phase deterioration 
in the Y-axis direction is suspected. Also, it is suspected 
that the beam shape will be distorted in the transverse 
plane.  

 
(a) No scanning 

 
(b) 25º scanning 

Fig. 2. Rays on the scanning and transverse directions. 
 

III. SIMULATION CONDITIONS OF THE FEED 
CORRUGATE HORN 

 
The corrugated horn used in the simulation is 

designed depending on the measured horn structure shown 
in Fig. 3. The simulated horn is excited at the feed point 
by an electric point source, while the actual horn is 
connected with a wave guide. The depth of the groove is 
optimized in order to achieve the scalar feed 
characteristics and to coincide with the measured radiation 
patterns. At the distant points on the lens surface, the 
phase center of the corrugate horn becomes 20mm inside 
from the aperture.  

Figure 4 shows simulated and measured radiation 
patterns. The simulated patterns are shown by dotted lines 
and the measured patterns are shown by solid lines. As a 
result of the scalar feed, the patterns of E and H-plane 

become almost the same. As a result of adequate horn 
parameters, the radiation patterns of simulated and 
measured results agree very well. The 3dB beam width of 
each pattern is 21°. Edge levels of the lens antenna 
become -15 dB and -18 dB at θs = 0° and θs = 25°, 
respectively.  

 

 
Fig. 3. Corrugate feed horn. 
 

 
Fig. 4. Radiation patterns of the corrugate feed horn. 

 
IV. BEAM SCANNING CHARACTERISTICS 

 
Figure 5 shows a photograph in measurements of the 

lens antenna. The lens is supported by a plastic plate 
covered by an electromagnetic absorber. The feed horn is 
supported by the positioning mount. The positioning 
mount can be moved along the X and Z-axis and rotated 
around the Y-axis. In the measurement setting, the far 
filed criterion given by 2(d1+d2)2/λ is 6.2m and the range 
between the lens antenna and a receiving antenna is 4.4m. 
So, adequate radiation patterns can be obtained.  
 
A. No Scanning Beam Pattern 
 

Measured and simulated radiation patterns of on 
focus feed are shown in Fig. 6. The simulated patterns are 
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shown by broken lines and the measured patterns are 
shown by solid lines. In Figs. 6(a) and (b), the radiation 
patterns on the scanning and transverse planes become 
almost same due to the scalar feed characteristics of the 
feed horn. Beam widths on the scanning and transverse 
planes are 3.6° and 3.5°, respectively. As for comparisons 
of the measured and the simulated patterns, very good 
agreements are achieved. In the case, the lens material 
(Teflon) permittivity of 1.96 is employed. So, 1.96 is 
suitable for the permittivity of Teflon at the frequency of 
60GHz. The antenna gains of measurement and 
simulation are 34.7dBi and 34.2dBi, respectively. These 
antenna gains agree very well. The simulated gain is 
1.8dB lower than the uniformly illuminated aperture gain 
of 36.0dBi. This gain reduction corresponds to the 
aperture efficiency of 66%. Loss factors of the lens 
antenna are summarized in Table 2. Total loss of 2.2dB 
agrees well to the simulated gain reduction of 1.8dB. 

 

 
 

Fig. 5. Measurement setting. 
 

 

 

 
(a) Scanning-plane (H-plane)    

 

 
(b) Transverse-plane (E-Plane) 

 
Fig. 6. Radiation patterns of lens antenna (no scanning). 

 
B. 25° Scanning Beam Pattern 

 
Measured and simulated radiation patterns in the case 

of 25° scanning are shown in Figs. 7(a) and (b). The 
measured and the simulated patterns agree well. The 
measured and simulated 3dB beam widths in the 
scanning-plane are 4.0°. And at radiation angle of 
15°<θ<20°, shoulder patterns are observed in both of the 
measurement and simulation. It indicates that the small 
phase error is occurred on the plane. In the transverse-
plane, 3dB beam widths of measurement and simulation 
become 5.4°. And the main lobes deteriorate to broaden 
shapes. Comparing with the no scanning beam, the 
scanning-plane beam width is broadened only 0.4°. 
However the transverse-plane beam width is broadened 
about 1.9°. The reason of this beam broadening is 
considered that phase deviation is produced in the 
transverse-plane. The gains of measurement and 
simulation are 32.1dBi and 31.8dBi, respectively. These 
gain reductions are corresponding to the beam widths 
broaden. 

Table 2. Loss factors. 
 Gain Loss 

Uniform illumination 36.0dBi  
Intensity taper  0.74dB 

Reflection  0.25dB 
Dielectric loss  0.13dB 

Spill over  1.12dB 
Total loss  2.24dB 

Calculated gain 33.8dBi  
Simulated gain by FEKO 34.2dBi 1.8dB 
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(a) XZ-plane (Scanning)   

 

 
(b) YZ-plane (Transverse) 

 
Fig. 7. Radiation patterns of lens antenna (25° scanning). 

 
In order to understand the reason of beam broadening, 

the field intensity and phase distributions on the X’Y-
plane of the lens aperture are shown in Figs. 8(a) and (b). 
In the field intensity, almost axi-symmetrical pattern is 
obtained as shown in Fig. 8(a). This distribution is almost 
satisfactory. In Fig. 8(b), the phase distribution along the 
scanning direction is almost constant due to the lens 
surface shaping. However, the phase distribution along the 
transverse direction is delayed to the aperture edge and the 
difference between the center and the edge is more than 
150°. This large phase delay is considered the cause of the 
transverse-plane radiation deterioration. In order to correct 
the phase delay, array antenna configuration to the feed is 
effective [9].  

As conclusions of beam scanning characteristics, 
calculation results by the FEKO simulator agree very well 
with measured results. So, calculation accuracies are 
ensured. 

 

  
(a) Field intensity (X’Y-plane).     

 

 

  
  (b) Phase (X’Y-plane). 

 
Fig. 8. Aperture electrical field distributions. 

 

Antenna 
aperture rim 
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V. WIDE ANGLE RADIATION PATTERN 
 

Previously, it was reported that multi-reflections 
between lens surfaces increased radiation levels in specific 
wide angle region [4]. So, we tried to clarify the multiple 
reflections through electromagnetic simulations. Figure 9 
shows measurement setting of wide angle radiation 
pattern. In the case of measurement, the feed horn and 
lens edge are covered by the electromagnetic absorber.   

Measured and calculated radiation patterns in the 
wide angle region are shown in Fig. 10. In the measured 
result, almost symmetrical pattern is obtained. So, the 
measurement accuracy is ensured. Sidelobe levels are 
decreasing gradually to 40 degree. However, sidelobe 
levels suddenly increase at 45°. Sidelobe levels become 
almost -10dBi in the angle region 45°<|θ|<75°. Measured 
and simulation patterns agree very well. Both the 
simulation and measurement results indicate sidelobe 
increases precisely. So, simulations of this phenomenon 
are considered accurate.  

In order to investigate the reason of sidelobe increase, 
electric field in the lens is shown in Fig. 11. Inside the 
dielectric lens, many high intensity lines are observed. 
Judging from the directions of lines, these lines indicate 
reflections from the front surface. Outside the front 
surface, weak radiations to wide angle regions are 
observed and these radiations are thought the cause of the 
sidelobe increase. Next in order to investigate surface 
reflections precisely, ray tracing results are obtained by 
the ray tracing software developed by authors. Ray tracing 
results are shown in Fig. 12. The incoming rays to the lens 
antenna are shown by dotted lines. Reflected rays are 
shown by solid lines. First, incoming rays are reflected at 
the front surface. Then, reflected rays are once again 
reflected at the rear surface. Finally, dually reflected rays 
are radiated in wide angle regions. Through the 
electromagnetic simulations and the ray tracing 
calculations, the reason of sidelobe increases in the wide 
angle region is clarified.   

 

 
 

Fig. 9. Measurement setting of wide angle radiation 
pattern. 

 

 
Fig. 10. Wide angle radiation pattern (without matching 
layer). 
 

 
Fig. 11. Electric fields in the lens. 
 

 
Fig. 12. Ray trace of multiple reflections. 

 
One more trial to ensure multiple reflections is 

conducted by attaching matching layers on the lens 
surfaces. Situations of matching layers are shown in Fig. 
13. The material of matching layers is foamed Teflon. Its 
permittivity is assumed as 1.41 and its thickness is 1.0mm 
(≈λg/4). The matching layers are attached on the dielectric 
lens with double-stick tape.  

The measured and simulation results are shown in Fig. 
14. In the measured and simulated results, increased 
sidelobes in the angle region 45°<|θ|<75° are sufficiently 
suppressed. However, because the matching layers are not 
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completely designed, small sidelobe increases remain in 
the angular region 60°<|θ|<90° in the simulation and 
40°<|θ|<90° in the measurement, respectively. Next in 
order to understand the effect of matching layers, 
electrical fields in the lens are obtained. Simulated results 
are shown in Fig. 15. Reflected waves from the front 
surface become very weak. The effects of matching layers 
are ensured. In designing matching layers, the ray tracing 
results of Fig. 12 provide the very important data. 
Reflected rays from the front surface concentrate in front 
of the rear surface. So, the designed matching conditions 
carefully at the center region of the rear surface seems the 
most important.  

 

 
 (a) Rear surface (Feed side)    (b) Front surface (Aperture side)  

 

Fig. 13. Matching layer. 
 

 
Fig. 14. Wide angle radiation pattern (with matching 
layer) 

 

 
Fig. 15. Electric fields in the lens. 

As conclusions of simulations of wide angle radiation 
characteristics, it is ensured that FEKO simulator can 
produce exact electromagnetic solutions. Moreover, very 
interesting phenomena of multiple reflections between 
lens surfaces are visually clarified. 
 

VI. CONCLUSIONS 
 

In accordance with the improvement of simulation 
abilities for dielectric objects in FEKO suit 5.3, authors 
tried to simulate the shaped dielectric lens antenna 
developed by authors. Accuracies of simulations are 
ensured through comparing the simulated results with 
measured results. Moreover, some interesting phenomena 
happened in the lens are visually clarified. 
· Beam scanning characteristics that are the main subject 

of the shaped dielectric lens antenna could be simulated 
successfully. Simulation accuracies are ensured through 
the good agreement with the measured results. 

· Amplitude and phase distributions of electrical fields on 
the antenna aperture plane are visually clarified in the 
case of beam scanning.  

· Affects on radiation patterns of multiple reflections 
inside the lens are exactly simulated and simulated 
radiation patterns agree very well with the measured 
results.  

· Electrical field distributions indicating multiple 
reflections inside the lens are shown and this 
phenomenon are visually clarified. 
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